50 µm using a sliding microtome (AO-860, American Optical, Buffalo, New York, USA). Every 100 µm, a section was collected (i.e., discarding every second section) and stained with 0.1% (w/v) aqueous toluidine blue O for 25 s. The sections were then mounted in order and covered with a coverslip and 1 : 1 glycerin and ethanol solution. Each section was photographed with a Pixera 600ES digital camera (Pixera, Los Gatos, California, USA) mounted on an Olympus Vanox-AHBT (Olympus America, Melville, New York, USA) compound light microscope. All sections were photographed using a 10 × objective to observe the occurrence of vessel relays between vessels along the axial length of the stem.
High-resolution computed tomography -Internode sections of V. vinifera and V. arizonica 4.5 cm long were cut from greenhouse-grown plants of the same age and dried at 40 ° C for 24 h in a drying oven before scanning at the x-ray microtomography facility, beamline 8.3.2, at the Lawrence Berkeley National Laboratory Advanced Light Source, following the methods of Brodersen et al. (2011) . Briefl y, a section of stem was rotated in the 5 × 10 mm fi eld of view in 0.125 ° increments around 180 ° in a 15 keV x-ray beam, yielding 1440 two-dimensional (2D) projection images per sample, with a voxel (volumetric pixel element) size of 4.5 µm. The sample was then advanced vertically and repeatedly scanned to create a seamless 4.5-cm long data set. The images were then normalized using a fi ltered back projection algorithm ( Dierick et al., 2004 ) . Normalized 2D images were reconstructed using Octopus 8.3 software (Institute for Nuclear Sciences, University of Ghent, Belgium) to create a 3D, 16-bit series or stack of tagged image fi le (TIF) format fi les. Each TIF image was composed of 3D voxels, where voxel intensity was based on x-ray attenuation. Each voxel was then assigned an x , y , and z coordinate in 3D space. Images were processed with an edge-preserving fi lter in Avizo 6.2 software (VSG, Burlington, Massachusetts, USA) to increase contrast between plant tissue and vessel lumen.
Vessel relays were identifi ed by scrolling through the stacks of transverse image slices within the 4.5 cm long 3D data sets. The Avizo visualization software allowed for virtual slices in any orientation to be displayed such that longitudinal planes could be visualized that bisected each vessel relay. The number of vessel relay cells linking two large-diameter vessels was determined by its xylem network is relatively susceptible to cavitation and embolism ( Choat et al., 2010 ; Maherali et al., 2004 ) . Vitis vinifera is also susceptible to xylem-dwelling pathogens such as Xylella fastidiosa ( Xf ) , that causes Pierce's disease (PD) ( Hopkins and Purcell, 2002 ) . Subspecies of X. fastidiosa also affect citrus, almonds, peaches, blueberry, coffee, and oleander ( Hopkins, 1989 ), yet most plant species are asymptomatic alternative Xylella hosts ( Chatelet et al., 2011 ) . Indeed, V. arizonica , a grapevine species native to the arid regions of the southwestern United States and northern Mexico is resistant to Xf . Riaz et al. (2008) suggested that an as yet unidentifi ed anatomical difference between V. vinifera and V. arizonica may play a role in their differential resistance to PD, but a specifi c disease resistance mechanism has yet to be confi rmed. Vessel relays could play an important role in xylem network connectedness and the distribution of water, nutrients, air embolisms, and pathogens throughout plants.
MATERIALS AND METHODS
Plant material -Grapevine plants ( Vitis vinifera L. cv. Chardonnay and Vitis arizonica Engelm.) were grown in a greenhouse on the University of California, Davis campus from rooted cuttings planted in 14-L pots fi lled with a 1/3 peat, 1/3 sand, 1/3 composted fi r bark soil mixture with 2.04 kg dolomite/m 3 . Plants were irrigated three times daily with half-strength Hoagland solution and supplied with supplemental lighting on a 16 h day/8 h night cycle.
Serial sectioning and light microscopy -Mature stem internodes without defect were cut into 5-cm segments and preserved in 70% ethanol. Several hours before sectioning, the stem segments were soaked in water to soften the tissues. The segments were sectioned in the transverse plane at a thickness of of the xylem tissue. Enough samples were dissected to expose 15 vessel relays each from both V. vinifera and V. arizonica . The samples were then dried at 40 ° C for 24 h, sputter-coated with gold, and observed at 5 kV with an FEI/Phillips XL30-SFEG scanning electron microscope (FEI, Hillsboro, Oregon, USA). SEM micrographs were analyzed visually using ImageJ software (National Institutes of Health, Bethesda, Maryland, USA) to confi rm the presence of intervessel scalariform pits and pit membranes between vessels, between vessels and vessel relay cells, and between vessels and parenchyma cells.
Functional connectivity of vessels via conductive xylem vessel relays -To confi rm the functional connectivity between vessels via vessel relay cells, empirical measurements were made using the microcapillary technique method of Choat et al. (2006) . Briefl y, four internode sections of V. vinifera stem were cut perpendicular to the stem axis to expose the transverse surface. Next, a scrolling through the 3D image stack to the axial midpoint of the vessel relay, measuring the distance between the connected large-diameter vessels, and then counting the number of visible vessel relay cells identifi ed in the samples. The x , y , and z coordinates of the axial center of each vessel relay were determined in relation to the center of the stem and the edge of the pith using the PointProbe tool in Avizo. The center of the stem was pinpointed at the intersection of fi ve lines drawn to span the segment diameter to account for the nonsymmetrical perimeter of the stems. The coordinates for the center point were then logged, as well as the position of the pith along the lines bisecting the stem center and the vessel relay. Coordinate data were plotted (see Fig. 5 ) using the program Sigma Plot 11.0 (Systat Software, San Jose, California, USA).
Scanning electron microscopy -Fresh stem samples were dissected using a stereomicroscope and razor blade to expose transverse or longitudinal sections . Lines C to F correspond to the respective transverse HRCT images in panels C to F, with vessel outlines in blue and vessel relay outlines in yellow. Here, the short vessel relay is composed of three short elements (B, E), but the long vessel relay is composed of a longer cell fi le of many more elements. Bars = 250 µm. microcapillary was pulled to achieve a tip diameter of 50 µm using a vertical micropipette puller (Stoelting Co., Wood Dale, Illinois, USA) and inserted into the proximal end of an open vessel in close proximity to other vessels within the same sector. The entire proximal end was then sealed with cyanoacrylic glue (Loctite 409, Henkle Corp., Rocky Hill, Connecticut, USA). The distal end of the stem section was cut back with a razor blade to expose the vessel openings so that the fi nal section length was 1-2 cm. A fi ltered (0.22 µm), 0.01% safranin solution (w/v deionized water) was injected into the vessel at low pressure (<5 kPa) to identify its location at the distal end of the section. The vessel fi lled with dye was then sealed with glue on the distal surface to ensure fl ow could only proceed across shared walls or vessel relays into surrounding vessels. The microcapillary tube was mounted in a pipette holder (No. 51442, Stoelting Co.) attached to PEEK tubing (0.76 mm inner diameter, Victrex USA, West Conshohocken, Pennsylvania, USA) in a reservoir of 0.01% safranin solution located in a pressure chamber (#3005, Soil Moisture Systems, Goleta, California, USA). The dye solution was forced through the vessel network using an applied pressure of <0.3 MPa until the dye exited the distal end. The stem sample was then sectioned, mounted, and exposed to epi-illumination with an excitation wavelength of 540 nm, and digitally imaged as described already.
RESULTS

Analysis of serial transverse light microscope sections of
Vitis vinifera stems showed chains of small diameter (<25 µm) vessel elements (xylem vessel relays) spanning the distance (30-300 µm) between large diameter (>75 µm) vessels within vessel sectors delineated by rays ( Fig. 1 ) and occasionally across rays. Above and below the vessel relays in the axial direction, the vessels were clearly separated by fi bers and parenchyma ( Fig. 1 ) . Longitudinal and transverse HRCT sections confi rmed our observations made with serial light micrographs and revealed two different vessel relay types, short ( Figs. 2, 3 ) and long ( Fig. 2 ) .
In transverse cross sections, vessel relays were composed of 1-8 radially aligned cells ca. 25 µm in diameter. Short vessel relays ranged in total axial length from 397 to 559 µm, with an average length of 476.7 ± 55.5 (SD) µm ( N = 10), and consisted of fi les of individual vessel elements with tapering ends overlapping axially ( Fig. 2 ) . Long vessel relays ranged in total axial length from 685 to 3522 µm, with an average length of 1774.4 ± 752.1 µm ( N = 32), spanning the length of multiple largediameter vessel elements. Vessel relays had a mean total contact area of 12 838 ± 4722.2 µm 2 and 13 694 ± 5873 µm 2 at vessel relay-vessel relay junctions and vessel relay-vessel junctions, respectively. HRCT images showed that combined vessel relay cell wall thickness averaged 12.6 ± 1.5 µm ( N = 20), which is below the recently demonstrated threshold for intervessel pitting for V. vinifera ( Brodersen et al., 2011 ) . There was a strong linear relationship between the radial number of cells in a vessel relay and the radial distance between the bridged vessels ( r 2 = 0.88 ; Fig. 4 ) ; vessel relay cell diameters are relatively constant, while cell numbers increase to span increasing distance between distant vessels.
An HRCT analysis of 4.5-cm stem sections for these species revealed 26% more vessel relays in V. vinifera compared to V. arizonica , with 29 and 23 vessel relays per centimeter of internode tissue for V. vinifera and V. arizonica , respectively. The vessel relays in both species were predominantly in the radial direction, connecting vessels within the same sector. Single-vessel dye injection experiments demonstrated that the dye solution could travel between spatially separated large-diameter vessels by way of vessel relays, either radially or tangentially ( Fig. 5 ) . Dye was observed moving from a group of vessels within descriptions of xylem networks in grapevine using light microscopy and xylem macerations (e.g., Adkinson, 1913 ; Pratt, 1974 ) did not comment on vessel relays nor provide a functional explanation for the narrow diameter elements of xylem structure. When viewed in transverse section, vessel relays appear as a chain of narrow diameter vessel elements bounded by larger diameter vessel elements (i.e., "radial multiples", Carlquist, 1984 ; "median band vessels", Carlquist, 2009 ). Lengths of these narrow-diameter vessels have been diffi cult to determine because of the 3D organization of secondary xylem and the nonplanar nature of axial cell fi les. HRCT imaging, in which longitudinal sections are reconstructed and visualized, removes the ambiguity when viewing this type of structure in 3D ( Figs. 1D-F, 2C-F ) .
The vessel relay cells documented here do not appear to result from abnormal growth or a wounding response that disrupted normal cell differentiation because vessel relay conduits develop simple perforation plates with similar axial spacing to the surrounding vessels, which suggests concurrent development of vessels and vessel relays ( Figs. 2, 3 ) ( Jacobs, 1952 ; Berleth close proximity (i.e., sharing walls), through a series of interconnected vessel relay cells, across ray parenchyma, and into a vessel in a neighboring vessel sector. Only when the vessel relay cells loaded with dye come in contact with the neighboring vessel did dye appear in the large vessel element ( Fig. 5 ) . We also found lateral connections, where two vessels separated by a ray were connected through a series of perforated ray cells (data not shown). Most vessel relays were located in the dorsal or ventral secondary xylem sectors of the stem, with fewer vessel relays occurring in the lateral sectors associated with leaves, fruit clusters, or tendrils ( Fig. 6 ) .
Scanning electron microscopy revealed that connections within vessel relays in both species were by way of scalariform pit fi elds ( Fig. 7 ) . These pit fi elds are formed by ladder-like perforations in the secondary walls of adjacent vessels that are separated by pit membranes, which are the remnants of the primary cell walls and middle lamellae ( Carlquist, 2001 ) . In one V. arizonica vessel relay, we observed simple perforations within the more common scalariform pit fi elds. This is similar to but clearly different than those found the in the lateral walls of adjacent fi briform vessel elements of Ipomoea arborescens ( Carlquist and Hanson, 1991 ) . Of the 15 V. vinifera vessel relays observed with SEM, 67% showed little evidence of pit membranes, and the remaining 33% had either torn or partial remnants of pit membranes ( Fig. 7A, B ) . In the SEM analysis of 15 vessel relays from V. arizonica stems, 93% had at least one vessel relay element with intact pit membranes ( Fig. 7C, D ) . In both species nearby vessel-parenchyma and vessel-vessel pit membranes were intact in the same stem sections, but it was not always clear whether damage to the vessel relay pit membranes was due to sample preparation.
DISCUSSION
To our knowledge, this study revealed for the fi rst time the structural and functional relationship of the small diameter vessel elements and the discrete large-diameter vessels to which they connect in grapevine secondary xylem. We term these conductive xylem vessel relays and show that there are radial and tangential connections between the two types of vessels. Previous anatomical (A-F) . Safranin dye was injected in a vessel (white dot in A) at low pressure, which fl owed via a vessel relay (white outlined vessels) across a ray and into a neighboring vessel. Only when the vessel relay is complete and all elements are fi lled (E) does the target vessel show evidence of dye. Bar = 150 µm. et al., 2000 ) . Xylem redifferentiation in response to wounding is well documented in Coleus spp. and other species, where parenchyma cells form irregularly shaped conduits that do not resemble the vessel relays presented here ( Sachs, 1981 ; Sachs and Cohen, 1982 ; Aloni and Baum, 1991 ) . Furthermore, vessel relay cells were consistently uniform in diameter as demonstrated by the strong linear relationship between the number of vessel relay cells and the distance between vessels ( Fig. 4 ) . These data suggest that vessel relay cells are produced as part of normal cambial activity.
The mechanism responsible for the increased damage to or increased frequency of fragmented V. vinifera pit membranes remains unclear. Intervessel pit membranes visualized with SEM in Vitis are typically intact ( Sun et al., 2011 ) and limit the movement of air and pathogens between connected vessels while maintaining water transport ( Sperry and Hacke, 2004 ; Choat et al., 2008 ) . Intact V. vinifera pit membrane pores are known to be less than 20 nm in diameter ( Perez-Donoso et al., 2010 ) and considerably smaller than the size of an individual Xf bacterium. The bacterial cells are known to aggregate in scalariform pits and secrete cell wall degrading enzymes, the putative means of Xf spread throughout grapevine xylem networks ( Perez-Donoso et al., 2010 ; Sun et al., 2011 ) . While greenhouse growth conditions and sample preparation were identical for both species in the present study and established protocols for pit membrane SEM visualization were followed Li and Ren, 2011 ) , the shear and torsion stress imposed by sectioning may ultimately have lead to pit membrane damage ( Carlquist and Schneider, 2004 ) . However, even if damage to vessel relay pit membranes resulted from sample preparation (e.g., Carlquist and Schneider, 2004 ) , it occurred differentially between the species and would suggest interspecifi c differences in pit membrane structural integrity. Recently, Sun et al. (2011) showed that pit membranes of Pierce's disease (PD) susceptible V. vinifera and PD-resistant V. arizonica differed in polysaccharide composition and suggested these differences result in structurally weaker and more easily degraded pit membranes for PD-susceptible V. vinifera .
The difference in the absolute number of vessel relays (i.e., V. vinifera > V. arizonica per centimeter of internode) and in potential differences in pit membrane structure between the two species was surprising, and those differences have important implications for the safety and effi ciency of water transport in grapevines. The presence of vessel relays increases xylem network connectivity and limits the isolation of large-diameter vessels for both species studied here. This pattern is accentuated in V. vinifera , where 26% more vessel relays per centimeter of internode results in greater connectivity and in less resistance to embolism and pathogen spread between vessels. Xylem organization in grapevine may be related to age or location in the plant, and lateral hydraulic connectivity in older grapevine wood is frequent and exists primarily through perforated ray cells ( Chalk and Chattaway, 1933 ; Wheeler and LaPasha, 1994 ; Merev et al., 2005 ) , whereas young grapevine xylem appears to be dominated by radial connections either through vessel relays or direct intervessel connections ( Brodersen et al., 2011 ) . For the young stems studied here, the low frequency of lateral vessel relays limits connectivity to a single sector of vessels (i.e., groups of vessels delineated by two rays), and each sector acts as a separate modular unit for water transport.
Vitis vinifera has been cultivated for thousands of years ( McGovern, 2000 ) , and in the artifi cial selection and breeding of varieties suitable for wine and table grape production, viticulturists may have inadvertently selected for a trait (lack of pit membranes in vessel relays or higher frequency of vessel relays) that may make V. vinifera more susceptible to both water-stress induced embolism and disease. An alternative explanation is that V. vinifera may have had minimal exposure to Xf while in its native habitat prior to human cultivation. Vitis arizonica is known to be resistant to PD and has been used in breeding programs to confer PD resistance in V. vinifera ( Krivanek et al., 2005 ; Fritschi et al., 2007 ) . While the primary mechanism for resistance to PD in V. arizonica is still unclear, the presence of fewer vessel relays in the xylem could limit the spread of Xf and prevent systemic spread, particularly in light of new research showing structural differences in the pit membranes of these two species ( Sun et al., 2011 ) . 
